In this study, the alkali activation potential of a Polish ferronickel slag (PS), for the production of inorganic polymers (IPs), is investigated. The effect of the main synthesis parameters, i.e., strength of the activating solution, consisting of NaOH and Na 2 SiO 3 solutions and affecting (SiO 2 + Al 2 O 3 )/Na 2 O and other important molar ratios in the reactive paste, pre-curing period, curing temperature and time and ageing period was investigated. The structural integrity of the produced specimens was tested after their (i) immersion in distilled water and acidic solutions for a period of 7-30 days, and (ii) firing at temperatures between 200 • C and 1000 • C. Several analytical techniques including X-ray diffraction, X-ray fluorescence, Fourier transform infrared spectroscopy, Differential scanning analysis-Thermogravimetry and Scanning Electron Microscopy were used for the characterization of the produced IPs. Results show that under the optimum synthesis conditions the IPs obtain compressive strength that exceeds 65 MPa. An innovative aspect of this study is that after heating at 400 • C, the specimens acquire compressive strength of 115 MPa and this indicates that they can be also used as fire resistant materials. This study highlights the potential of alkali activation for the valorization of a ferronickel slag and the production of IPs that can be used as binders or in several construction applications, thus improving the sustainability of the metallurgical sector.
Introduction
Millions of tons of metallurgical slags, containing fine-grained silicate and glassy phases, are produced every year from the non-ferrous, ferrous and steel industry. Today, even though considerable quantities of slags are used in concrete production and other construction applications, large quantities are disposed on land and elsewhere, thus causing various environmental impacts [1] [2] [3] .
By taking into account that several slags may be considered hazardous under the existing strict environmental regulations [4, 5] , the development of an integrated management scheme that valorizes slags, produces secondary products with higher added value, minimizes environmental impacts, and improves the sustainability of the metallurgical sector is under investigation [6] [7] [8] [9] .
Inorganic polymers (IPs) or geopolymers have an amorphous to semi-crystalline three dimensional alumino-silicate microstructure and chemical composition quite similar to zeolites [10, 11] . They exhibit low permeability and high-unconfined compressive strength, low shrinkage, good resistance to acid attack, freeze-thaw cycles and fire, as well as good immobilization potential for several heavy metals within their structure [12] [13] [14] [15] . In addition, some studies have been carried out to compare the environmental footprint of geopolymer and Portland concrete [16] [17] [18] .
Inorganic polymers are produced through alkali activation. The source of IPs includes a broad range of virgin materials and industrial waste [19, 20] . The process for the production of IPs starts with the dissolution of Si and Al from raw materials with the action of alkaline solutions and the formation of a gel that, after a relatively short setting time, hardens quickly. The presence of a silicate solution balances the Si/Al atomic ratio in the IP paste and leads to the formation of homogeneous interconnected structures, which define their final physical, mechanical and thermal properties [21] [22] [23] [24] [25] .
The alkali activation of various types of metallurgical slags, often in mixtures with other industrial wastes, for the production of IPs has been widely studied. The materials produced have diverse properties depending on the characteristics of the source materials, the additives, and the experimental conditions used. In this context, slags with varying content of Fe, Si, Al and Ca have been investigated, including ground granulated blast furnace slag mixed with fly ash [26] [27] [28] , ferronickel (FeNi) slag [2, 29, 30] or mixtures of FeNi slag, construction and demolition wastes and red mud [31] , mixtures of steel slag and metakaolin or kaolin [32, 33] , slags from non-ferrous metallurgy [34] , and mixtures of fly ash and lead slag [35] .
The present experimental study aims to investigate the main factors affecting the alkali activation of an old and subjected to weathering Polish ferronickel slag, assess the structural integrity of the produced IPs when exposed to various environmental conditions, identify their potential toxicity, and determine whether they can be used in construction applications.
Materials and Methods
The slag, which was produced after pyrometallurgical treatment of nickel (Ni) lateritic ores, was collected from a waste dump at Szklary, Lower Silesia, in south-western Poland [36] . Mining was initiated in the area after the discovery of nickel deposits in 1890 and lasted until 1983. During the period of 1890-1920, ore was excavated using underground mining, while later surface mining techniques were applied. The Ni content in the ore varied between 1% and 4% in surface and deeper locations, respectively; it is mentioned that in some ore lenses, the Ni content was as high as 12%. During the period of 1955-1983, about 4.6 million tons of ore were excavated, of which 2.9 million tons were treated pyrometallurgically to produce almost 20,000 t of nickel. Today, the mineable deposit is estimated at 14.64 million tons and the Ni that can be produced is estimated at 120 thousand tons; the cut-off grade of Ni in the ore is 0.8%.
The as-received slag was pulverized using a Fritsch-Bico pulverizer and then characterized in terms of mineralogical and chemical composition. The particle size analysis of the ground slag was determined using a Mastersizer S (Malvern Instruments) analyser. A Bruker-AXS S2 Range Spectroscopic Fluorescence Spectrometer A (XRF-EDS) was used for chemical analysis, while the main mineralogical phases were identified through X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer (Cu tube, scanning range from 4 • to 70 • 2θ, step 0.02 • and 2s/step). Fourier transform infrared (FTIR) spectroscopy, using a Perkin Elmer Spectrum 1000 spectrometer, was used for the identification of the functional groups present in solid samples, while a Setaram LabSys Evo, TG-DTA-DSC analyzer was used to carry out differential thermal analysis and Thermogravimetry (DTA/TG). The identification of the morphology and structure of the raw material and the final products were identified by Scanning Electron Microscopy (SEM), using a JEOL 6380LV (USA) microscope equipped with an Oxford INCA energy dispersive X-ray spectrometer (EDS).
For the production of the IPs, the slag was mixed for about 10 min, in a laboratory mixer under continuous slow stirring, with the alkaline activating solution, which was prepared by dissolving sodium hydroxide (NaOH) anhydrous pellets (Sigma Aldrich) in distilled water to obtain the required molarity, namely 6, 8, 10 and 12 mol L −1 (M), followed by the addition of sodium silicate solution (Na 2 O = 7.5 − 8.5%, SiO 2 = 25.5 − 28.5%, Merck). The activating solution, which was allowed to cool for 24 h prior to use, had molar ratios SiO 2 /Na 2 O equal to 0.37, 0.26, 0.21 and 0.19, while the H 2 O/Na 2 O molar ratios were 19.03, 14.31, 11.16 and 9.26, respectively. The liquid/solid (L/S) ratio in the initial reactive paste varied slightly between 0.19 and 0.23, depending on the conditions used in each case, to improve the flowability characteristics of the produced paste before casting. A typical average indicative composition of the starting mixture was (in wt%): slag 82%, 8M NaOH solution 15% and Na 2 SiO 3 solution 3%; the wt% of Na 2 SiO 3 was kept constant in all tests. It is mentioned that these ratios are some of the lowest reported in the literature for similar studies.
The fresh paste was cast in cubic metal moulds of 5 cm edge, which were vibrated for a few minutes to remove air from the reactive mass and thus improve the strength of the final specimens. Pre-curing involved retention of the paste in the moulds at room temperature for a period of 6 h to 48 h to allow initiation of the alkali activating reactions, development of structural bonds and partial solidification. Then, the formed specimens were demoulded, sealed in plastic bags to prevent fast evaporation of the remaining water, cured at 40-80 • C in a laboratory oven (Jeio Tech ON-02G) for 24 or 48 h and allowed to cool. This configuration was based on the results obtained from a large number of previous studies investigating the alkali activation potential of several metallurgical wastes [2, 30] . After ageing at room temperature (20 • C) for 7 days or 28 days, the compressive strength of the specimens was determined with the application of a MATEST C123N load frame. All tests were carried out in duplicate.
In order to study the structural integrity of the produced IPs, specimens obtained under the optimum conditions were immersed in distilled water and acidic solutions (1M HCl and 1M H 2 SO 4 ) for 7, 15 and 30 days. Also, the thermal behavior of the IPs was evaluated after firing them in a laboratory oven (N-8L SELECTA) at temperatures between 200 • C and 1000 • C. The heating rate used was 5 • C min −1 , while the retention time at each temperature was very long, namely 6 h. The specimens were naturally cooled in the oven prior to determination of their final compressive strength. Each experimental series was also carried out in duplicate.
The determination of the apparent density of selected IPs was carried out in accordance with BS EN 1936 [37] . Finally, the toxicity of the as-received slag as well as of the IPs produced was assessed by subjecting them to the EN 12457-3 test [38, 39] , involving leaching of 8 L per kg of material in distilled water for 24 hours. The leaching solutions were filtered using 0.45 µm membrane filters and the concentration of the metals in the eluate was expressed as mg kg −1 of dry slag or IP and compared with existing limits for disposal of wastes in various landfill types [40] .
Results and Discussion

Slag Characterisation
The particle size distribution of the as-received slag after grinding revealed that the 90% passing size (d 90 ) of the material is 57.50 µm, which is considered adequately fine for efficient alkali activation and the production of IPs, as indicated in previous studies [41] . Table 1 shows the chemical composition of slag in the form of oxides, as derived by XRF. It is observed that the slag contains sufficient amounts of SiO 2 (30.18%) and Al 2 O 3 (7.6%) for alkali activation, while the content of Fe 2 O 3 and CaO is also high, 40.62% and 13%, respectively. The quality of this slag is comparable with that of Larco S.A slag, derived from pyrometallurgical treatment of Greek laterites and used in a previous study for the synthesis of IPs [41] . The only major difference is that Larco slag has much lower CaO content, 3.73%. Figure 1 shows the compressive strength of the IPs produced after a curing period of 24 h and an ageing period of 7 days as a function of NaOH molarity (6-12 M) and curing temperature (40 • C or 80 • C). It is seen that the effect of temperature is considered marginal for all NaOH concentrations tested; this indicates, in terms of heating requirements, that the process is energy efficient. On the other hand, the compressive strength of the produced IPs increases slightly and reaches its maximum value, 67.0 MPa, when the NaOH molarity increases from 6 to 8 M, whereas it drops substantially when higher NaOH molarities (10-12 M) are used. The fact that an optimum NaOH concentration exists has been also noted in several earlier studies involving alkali activation of slags and other industrial wastes [3, 42, 43] . When high NaOH molarity is used, unreacted OH − may remain in the paste and the produced specimens cannot acquire the maximum strength. Overall, for this specific slag, it is deduced that NaOH molarity is a much more important factor than curing temperature during IP synthesis. Finally, it is mentioned that the water loss during curing at 80 • C is identical (1.9%) when NaOH molarity is 6 mol L −1 or 8 mol L −1 and increases to 2.5% or 3.1% when the molarity used is 10 mol L −1 and 12 mol L −1 , respectively. Figure 1 shows the compressive strength of the IPs produced after a curing period of 24 h and an ageing period of 7 days as a function of NaOH molarity (6-12 M) and curing temperature (40 °C or 80 °C). It is seen that the effect of temperature is considered marginal for all NaOH concentrations tested; this indicates, in terms of heating requirements, that the process is energy efficient. On the other hand, the compressive strength of the produced IPs increases slightly and reaches its maximum value, 67.0 MPa, when the NaOH molarity increases from 6 to 8 M, whereas it drops substantially when higher NaOH molarities (10-12 M) are used. The fact that an optimum NaOH concentration exists has been also noted in several earlier studies involving alkali activation of slags and other industrial wastes [3, 42, 43] . When high NaOH molarity is used, unreacted OH − may remain in the paste and the produced specimens cannot acquire the maximum strength. Overall, for this specific slag, it is deduced that NaOH molarity is a much more important factor than curing temperature during IP synthesis. Finally, it is mentioned that the water loss during curing at 80 °C is identical (1.9%) when NaOH molarity is 6 mol L -1 or 8 mol L -1 and increases to 2.5% or 3.1% when the molarity used is 10 mol L −1 and 12 mol L −1 , respectively. In order to further elucidate these findings, the molar ratios of selected phases present in the initial reactive paste for each NaOH molarity used, are calculated and presented in Table 2 . In this table, the compressive strength of IPs cured at 80 °C (shown in Table 1 ) are also given for comparison. As shown in Table 2 , when the activator concentration increases, given that the wt% addition of Na2SiO3 solution is low and identical in all tests, the molar ratios (SiO2 + Al2O3)/Na2O decrease in the reactive paste and thus higher degree of hydrolysis and dissolution of silicon, aluminium and iron that polymerize/polycondensate to form IPs with higher strength is anticipated. This is confirmed by our data, which show that when the NaOH molarity increases from 6 M to 8 M, the compressive strength also increases slightly (~5%). Lower molar ratios, obtained when higher NaOH molarities are used, result in excess of activator in the paste, which may not fully react with solid particles or require much longer time for reaction and thus the specimens acquire lower strength. This conclusion is also supported by the values of the Na/Al ratio in the reactive paste. Optimum ratios indicate the In order to further elucidate these findings, the molar ratios of selected phases present in the initial reactive paste for each NaOH molarity used, are calculated and presented in Table 2 . In this table, the compressive strength of IPs cured at 80 • C (shown in Table 1 ) are also given for comparison. As shown in Table 2 , when the activator concentration increases, given that the wt% addition of Na 2 SiO 3 solution is low and identical in all tests, the molar ratios (SiO 2 + Al 2 O 3 )/Na 2 O decrease in the reactive paste and thus higher degree of hydrolysis and dissolution of silicon, aluminium and iron that polymerize/polycondensate to form IPs with higher strength is anticipated. This is confirmed by our data, which show that when the NaOH molarity increases from 6 M to 8 M, the compressive strength also increases slightly (~5%). Lower molar ratios, obtained when higher NaOH molarities are used, result in excess of activator in the paste, which may not fully react with solid particles or require much longer time for reaction and thus the specimens acquire lower strength. This conclusion is also supported by the values of the Na/Al ratio in the reactive paste. Optimum ratios indicate the presence of sufficient OH − , which accelerate polycondensation, whereas if ratios get bigger than a specific value, the compressive strength will drop. As mentioned in a recent study and several other research works, an optimum Na/Al ratio close to one is required for the synthesis of IPs with high strength [44] . Regarding the effect of the molar ratio Fe 2 O 3 /Na 2 O, it is seen from Table 2 that obviously this ratio decreases as the molarity of NaOH solution increases. The role of Fe, whose content is high in several slags of the non-ferrous and steel industry, cannot be easily elucidated. Good insights into the behavior of Fe are provided in recent studies, which indicate that Fe 2+ may be oxidized to Fe 3+ during alkaline activation in the inorganic polymer binder, or incorporated into the polysialate (Si-O-Al) as network modifier or even participate in carbonation reactions [45, 46] . However, in our case, no efflorescence was noticed on any of the produced specimens. Figure 2 shows the effect of ageing period on the compressive strength of the produced IPs. It is seen from this data that the ageing period has practically no effect on the compressive strength and the values obtained are almost identical and within the measurement error; the highest value recorded was 71.4 MPa, when IPs were produced using 8M NaOH after curing at 80 • C and ageing for 28 days. This means that the alkali activation reactions are fast and almost completed during curing and ageing for seven days, in contrast to the reactions involved in concrete production, which progress for a period of 28 days after casting and result in additional strength gain. The only exception shown was in the case where 12 M NaOH solution was used as activating solution and some of the excess NaOH reacts over the remaining period so that the final compressive strength increases to 47.8 MPa after 28 days (58% increase). As mentioned earlier, the only parameter that varied significantly in our tests was the molarity of the NaOH solution, whereas the wt% addition of Na 2 SiO 3 was kept equal in all tests and the L/S ratio in the reactive paste was very low. Prolonged ageing periods normally improve compressive strength [2, 44] , but in our study this was not the case even when different mixing configurations were used (data not shown). presence of sufficient OΗ − , which accelerate polycondensation, whereas if ratios get bigger than a specific value, the compressive strength will drop. As mentioned in a recent study and several other research works, an optimum Na/Al ratio close to one is required for the synthesis of IPs with high strength [44] . Regarding the effect of the molar ratio Fe2O3/Na2O, it is seen from Table 2 that obviously this ratio decreases as the molarity of NaOH solution increases. The role of Fe, whose content is high in several slags of the non-ferrous and steel industry, cannot be easily elucidated. Good insights into the behavior of Fe are provided in recent studies, which indicate that Fe 2+ may be oxidized to Fe 3+ during alkaline activation in the inorganic polymer binder, or incorporated into the polysialate (Si-O-Al) as network modifier or even participate in carbonation reactions [45, 46] . However, in our case, no efflorescence was noticed on any of the produced specimens. Figure 2 shows the effect of ageing period on the compressive strength of the produced IPs. It is seen from this data that the ageing period has practically no effect on the compressive strength and the values obtained are almost identical and within the measurement error; the highest value recorded was 71.4 MPa, when IPs were produced using 8M NaOH after curing at 80 °C and ageing for 28 days. This means that the alkali activation reactions are fast and almost completed during curing and ageing for seven days, in contrast to the reactions involved in concrete production, which progress for a period of 28 days after casting and result in additional strength gain. The only exception shown was in the case where 12 M NaOH solution was used as activating solution and some of the excess NaOH reacts over the remaining period so that the final compressive strength increases to 47.8 MPa after 28 days (58% increase). As mentioned earlier, the only parameter that varied significantly in our tests was the molarity of the NaOH solution, whereas the wt% addition of Na2SiO3 was kept equal in all tests and the L/S ratio in the reactive paste was very low. Prolonged ageing periods normally improve compressive strength [2, 44] , but in our study this was not the case even when different mixing configurations were used (data not shown). Effect of ageing period (in days) in relation to NaOH molarity on the compressive strength of the produced IPs (curing temperature 80 °C, pre-curing and curing time 24 h; error bars denote standard deviation of measurements obtained from three specimens).
Effect of Ageing Period
Effect of Pre-Curing and Curing Period
Figures 3a and 3b show the effect of pre-curing and curing period on the compressive strength of the produced IPs, respectively. The duration of pre-curing defines the extent to which reactions involved in alkali activation of the raw materials, depending on the L/S ratio and the strength of the activating solution, proceed so that bonds are developed and specimens harden and acquire early strength.
It is seen in Figure 3a that for a pre-curing period of 6 h or 24 h, the produced IPs obtain 
Figure 3a,b show the effect of pre-curing and curing period on the compressive strength of the produced IPs, respectively. The duration of pre-curing defines the extent to which reactions involved in alkali activation of the raw materials, depending on the L/S ratio and the strength of the activating solution, proceed so that bonds are developed and specimens harden and acquire early strength.
It is seen in Figure 3a that for a pre-curing period of 6 h or 24 h, the produced IPs obtain marginally better compressive strength when 8M NaOH is used. If the pre-curing period becomes 48 h, the use of 6M NaOH results in IPs with higher strength (78.4 MPa), almost 28% increase in comparison with the pre-curing period of 24 h. The use of 10M NaOH results in IPs with lower compressive strength, regardless of the pre-curing period used. Based on this data, we selected 24 h as optimum pre-curing period. Figure 3b shows that when the molarity of NaOH is 8M, the curing temperature 80 • C and the ageing period 24 h, the optimum curing period is 24 h. The same graph also indicates that longer curing periods, when high molarity and temperature are used, has an adverse effect on the compressive strength of the produced IPs. This loss of strength is mainly linked to (i) the lack of sufficient amount of water, which is necessary for polycondensation reactions and (ii) the presence of unreacted alkaline solution, factors which affect the mobility of ions in the matrix and also create internal stresses [47] . h, the use of 6M NaOH results in IPs with higher strength (78.4 MPa), almost 28% increase in comparison with the pre-curing period of 24 h. The use of 10M NaOH results in IPs with lower compressive strength, regardless of the pre-curing period used. Based on this data, we selected 24 h as optimum pre-curing period. Figure 3b shows that when the molarity of NaOH is 8M, the curing temperature 80 °C and the ageing period 24 h, the optimum curing period is 24 h. The same graph also indicates that longer curing periods, when high molarity and temperature are used, has an adverse effect on the compressive strength of the produced IPs. This loss of strength is mainly linked to (i) the lack of sufficient amount of water, which is necessary for polycondensation reactions and (ii) the presence of unreacted alkaline solution, factors which affect the mobility of ions in the matrix and also create internal stresses [47] .
(a) (b) Figure 3 . Effect of (a) pre-curing time and (b) curing time and NaOH molarity on the compressive strength of inorganic polymer (curing temperature 80 °C, curing time 24 h, ageing period seven days; the pre-curing time in (b) is 24 h; error bars denote standard deviation of measurements obtained from three specimens). Figure 4 illustrates the effect of firing of IPs, for a period of 6h, over a temperature range of 200-1000 °C on their compressive strength. The specimens tested were produced using activating solution consisting of 8M NaOH and Na2SiO3, curing temperature of 80 °C, curing period 24 h and ageing period seven days. The compressive strength of the control specimen, which was not subjected to firing, is also shown for comparison. In addition, Table 3 shows some selected properties, namely shrinkage (%), mass loss (%) and apparent density (g cm -3 ) of the fired specimens.
Structural Integrity of IPs
Effect of High-Temperature Firing
It is seen from this data that the compressive strength of the specimens increases substantially after firing up to 400 °C and then decreases sharply. The increase of the compressive strength after firing at 400 °C to 115 MPa may be attributed to oxidation of fayalite and magnetite of the PS and the increase in the quantity of several phases as shown in the XRD patterns (see below in text). This behavior has also been observed in a study by Onisei et al. [48] , where the IPs produced from alkaline activation of a fayalitic slag (Fe2O3 49.6%, SiO2 27.1%, Al2O3 6.8%, ZnO 8.4% and CaO 1.6%) exhibited after firing at 500 °C an increase in strength by almost 30% to 105 MPa, regardless of the addition of 5% or 10% analytical grade Al2O3 in the starting mixture. This increase in strength was attributed to the formation of new phases, including laihunite [Fe 2+ Fe 3+ 2(SiO4)2] as the result of oxidation of fayalite, as well as sodium aluminum silicate (NaAlSiO4), hematite, magnetite and spinel hercynite (FeAl2O4). The compressive strength of the IPs after firing at 1000 °C was extremely low, while the specimens showed a volumetric expansion of 7.1% and were severely damaged. This sharp drop in strength after firing in very high temperatures is due to dehydroxylation of silanol (Si-OH) and aluminol (Al-OH) groups that causes development of cracks and pores [49] . Figure 4 illustrates the effect of firing of IPs, for a period of 6h, over a temperature range of 200-1000 • C on their compressive strength. The specimens tested were produced using activating solution consisting of 8M NaOH and Na 2 SiO 3 , curing temperature of 80 • C, curing period 24 h and ageing period seven days. The compressive strength of the control specimen, which was not subjected to firing, is also shown for comparison. In addition, Table 3 shows some selected properties, namely shrinkage (%), mass loss (%) and apparent density (g cm −3 ) of the fired specimens.
It is seen from this data that the compressive strength of the specimens increases substantially after firing up to 400 • C and then decreases sharply. The increase of the compressive strength after firing at 400 • C to 115 MPa may be attributed to oxidation of fayalite and magnetite of the PS and the increase in the quantity of several phases as shown in the XRD patterns (see below in text). This behavior has also been observed in a study by Onisei et al. [48] , where the IPs produced from alkaline activation of a fayalitic slag (Fe 2 O 3 49.6%, SiO 2 27.1%, Al 2 O 3 6.8%, ZnO 8.4% and CaO 1.6%) exhibited after firing at 500 • C an increase in strength by almost 30% to 105 MPa, regardless of the addition of 5% or 10% analytical grade Al 2 O 3 in the starting mixture. This increase in strength was attributed to the formation of new phases, including laihunite [Fe 2+ Fe 3+ 2 (SiO 4 ) 2 ] as the result of oxidation of fayalite, as well as sodium aluminum silicate (NaAlSiO 4 ), hematite, magnetite and spinel hercynite (FeAl 2 O 4 ) . The compressive strength of the IPs after firing at 1000 • C was extremely low, while the specimens showed a volumetric expansion of 7.1% and were severely damaged. This sharp drop in strength after firing in very high temperatures is due to dehydroxylation of silanol (Si-OH) and aluminol (Al-OH) groups that causes development of cracks and pores [49] . Other factors that contributed to the increase in strength after firing at 400 °C are the volumetric shrinkage by 4.8% (Table 3) , which is the highest at this temperature, and the increase in density to 2.7 g cm -3 . The bigger changes seen, mainly for shrinkage and mass loss, after firing at temperatures higher than 600 °C are mainly due to phase transformations. These properties were not measured for the IP fired at 1000 °C, since as mentioned earlier, it suffered severe damage. The increase in strength of the IPs produced in the present study after firing at 400 °C is a very important finding and shows that they can be potentially used as fire resistant materials and replace or coat concrete in specific construction applications; for example, in tunnels, thus allowing more time for rescue teams to intervene in case of fire. Similar, but noticeably smaller increase was also reported in earlier studies investigating the potential of a Greek ferronickel slag for the production of IPs [49, 50] . Figure 5 shows the compressive strength of IPs, produced under the conditions of molarity NaOH 8M, heating 80 °C, curing period 24 hours and ageing period seven days, when immersed in distilled water or acidic solutions (1M HCl and 1M H2SO4) for 7, 15 and 30 days. The compressive strength of control specimens is also provided for comparison. It is seen that the immersion of IPs in distilled water, even for a period of 30 days, has a relatively minor effect on their compressive strength. Also, the IPs retain a very good strength, varying between 33.8 MPa and 36.5 MPa, even when immersed in 1M HCl and H2SO4 solutions for a period of 30 days. The maximum mass loss of the IPs immersed in distilled water, H2SO4 and HCl solutions was 0.9%, 3.2% and 5.6% respectively, which is considered as low to very low in all cases. Earlier studies carried out in our laboratory confirm the higher mass loss of various IPs when immersed in HCl solution. It is also mentioned that the final pH of the solutions containing distilled water, HCl and H2SO4 after immersion of the specimens for 30 days was 11.0, 2.7 and 1.7 respectively. These results indicate that the IPs respond well and exhibit very good structural integrity in corrosive environments. Other factors that contributed to the increase in strength after firing at 400 • C are the volumetric shrinkage by 4.8% (Table 3) , which is the highest at this temperature, and the increase in density to 2.7 g cm −3 . The bigger changes seen, mainly for shrinkage and mass loss, after firing at temperatures higher than 600 • C are mainly due to phase transformations. These properties were not measured for the IP fired at 1000 • C, since as mentioned earlier, it suffered severe damage. The increase in strength of the IPs produced in the present study after firing at 400 • C is a very important finding and shows that they can be potentially used as fire resistant materials and replace or coat concrete in specific construction applications; for example, in tunnels, thus allowing more time for rescue teams to intervene in case of fire. Similar, but noticeably smaller increase was also reported in earlier studies investigating the potential of a Greek ferronickel slag for the production of IPs [49, 50] . Figure 5 shows the compressive strength of IPs, produced under the conditions of molarity NaOH 8M, heating 80 • C, curing period 24 hours and ageing period seven days, when immersed in distilled water or acidic solutions (1M HCl and 1M H 2 SO 4 ) for 7, 15 and 30 days. The compressive strength of control specimens is also provided for comparison. It is seen that the immersion of IPs in distilled water, even for a period of 30 days, has a relatively minor effect on their compressive strength. Also, the IPs retain a very good strength, varying between 33.8 MPa and 36.5 MPa, even when immersed in 1M HCl and H 2 SO 4 solutions for a period of 30 days. The maximum mass loss of the IPs immersed in distilled water, H 2 SO 4 and HCl solutions was 0.9%, 3.2% and 5.6% respectively, which is considered as low to very low in all cases. Earlier studies carried out in our laboratory confirm the higher mass loss of various IPs when immersed in HCl solution. It is also mentioned that the final pH of the solutions containing distilled water, HCl and H 2 SO 4 after immersion of the specimens for 30 days was 11.0, 2.7 and 1.7 respectively. These results indicate that the IPs respond well and exhibit very good structural integrity in corrosive environments. Sustainability 2019, 11, x FOR PEER REVIEW 8 of 16 Figure 5 . Evolution of the compressive strength of selected specimens immersed in water or acidic solutions for a period of 7 to 30 days (the compressive strength of the control IP is obtained after seven days; error bars denote standard deviation of measurements obtained from three specimens). Figure 6 presents the XRD pattern of PS and selected IPs, namely the one produced under the conditions of molarity NaOH 8M, curing temperature 80 °C and curing period 24 h, as well as those immersed in 1M HCl for 30 days or fired at 400 °C. It is seen from this figure that the main mineralogical phases present in PS are quartz (SiO2), hedenbergite (Ca(Fe,Mg)(SiO3)2), fayalite (Fe2SiO4), diopside (CaMgSi2O6) and magnetite (Fe3O4), while hatrurite (Ca3SiO5) is present as a minor phase. In addition, PS has a high amorphous content (~45%), which is indicated by the broad hump shown between 2θ 25-40 ο , and is typical for several metallurgical slags [49, 50] . As seen in Figures  6(b-d) , no new visible major crystalline phases for the selected IPs were detected. However, the intensities of some crystalline phases, namely fayalite, hedenbergite and diopside increases in the IP after firing at 400 °C and this may explain the noticeable increase of its compressive strength. The FTIR spectra of raw PS and selected IPs are shown in Figure 7 . In line with the XRD data, the spectrum of the raw PS presents the characteristic peaks of Ca-Fe-Mg-silicate-based slags dominated by fayalite, diopside and hedenbergite, with bands seen at 828 cm -1 , 872 cm -1 and 948 cm −1 [45, 46, [51] [52] [53] . The first band results from the v1 mode (symmetric stretch), while the others correspond to the asymmetric stretching vibrations of SiO4 (v3 mode). An additional peak associated with the stretching vibrations of Si-O bands of diopside is also seen at 668 cm −1 [54] . The peak seen at is present as a minor phase. In addition, PS has a high amorphous content (~45%), which is indicated by the broad hump shown between 2θ 25-40 • , and is typical for several metallurgical slags [49, 50] . As seen in Figure 6b -d, no new visible major crystalline phases for the selected IPs were detected. However, the intensities of some crystalline phases, namely fayalite, hedenbergite and diopside increases in the IP after firing at 400 • C and this may explain the noticeable increase of its compressive strength. Figure 6 presents the XRD pattern of PS and selected IPs, namely the one produced under the conditions of molarity NaOH 8M, curing temperature 80 °C and curing period 24 h, as well as those immersed in 1M HCl for 30 days or fired at 400 °C. It is seen from this figure that the main mineralogical phases present in PS are quartz (SiO2), hedenbergite (Ca(Fe,Mg)(SiO3)2), fayalite (Fe2SiO4), diopside (CaMgSi2O6) and magnetite (Fe3O4), while hatrurite (Ca3SiO5) is present as a minor phase. In addition, PS has a high amorphous content (~45%), which is indicated by the broad hump shown between 2θ 25-40 ο , and is typical for several metallurgical slags [49, 50] . As seen in Figures  6(b-d) , no new visible major crystalline phases for the selected IPs were detected. However, the intensities of some crystalline phases, namely fayalite, hedenbergite and diopside increases in the IP after firing at 400 °C and this may explain the noticeable increase of its compressive strength. The FTIR spectra of raw PS and selected IPs are shown in Figure 7 . In line with the XRD data, the spectrum of the raw PS presents the characteristic peaks of Ca-Fe-Mg-silicate-based slags dominated by fayalite, diopside and hedenbergite, with bands seen at 828 cm -1 , 872 cm -1 and 948 cm −1 [45, 46, [51] [52] [53] . The first band results from the v1 mode (symmetric stretch), while the others correspond to the asymmetric stretching vibrations of SiO4 (v3 mode). An additional peak associated with the stretching vibrations of Si-O bands of diopside is also seen at 668 cm −1 [54] . The peak seen at The FTIR spectra of raw PS and selected IPs are shown in Figure 7 . In line with the XRD data, the spectrum of the raw PS presents the characteristic peaks of Ca-Fe-Mg-silicate-based slags dominated by fayalite, diopside and hedenbergite, with bands seen at 828 cm −1 , 872 cm −1 and 948 cm −1 [45, 46, [51] [52] [53] . The first band results from the v1 mode (symmetric stretch), while the others correspond to the asymmetric stretching vibrations of SiO 4 (v3 mode). An additional peak associated with the stretching vibrations of Si-O bands of diopside is also seen at 668 cm −1 [54] . The peak seen at 472 cm −1 in Figure 7a ,b (raw PS and IP produced using 8M NaOH) is ascribed to the overlapping Si-O-Si and O-Mg-O bending vibrations [55, 56] . It is seen that this rocking band disappears after firing at 400 • C (Figure 7d ), thus indicating that phase transformations took place and may have resulted in the increase of the compressive strength. The strong single peak at 1016 cm −1 shown in Figure 7b (IP produced using 8M NaOH) reveals the formation of reaction products in the IPs after exposure to highly alkaline solution [41, 57, 58] . The structural reorganization as result of the alkaline activation is more noticeable in the broader bands shown in the same region (800-1200 cm −1 ) for the IPs immersed in HCl solution or fired at 400 • C (Figure 7c,d, respectively) . The weaker band at 1634 cm −1 in the raw PS and the sharper peaks seen at 1650 cm −1 , 1636 cm −1 and 1644 cm −1 in IPs belong to the characteristic bending vibrations of H-O-H [59] [60] [61] . The intense absorption bands at 1410 cm −1 and~1490 cm −1 shown only in the IPs are attributed to stretching vibrations of O-C-O bonds due to carbonation of the remaining Na-silicate [59, 62] . Moreover, the notable bands observed in the raw PS and IP produced using 8M NaOH at 3744 cm −1 and 3756 cm −1 , respectively (Figure 7a,b) are typical for the OH-stretching region. However, the presence of water is more evident in all IPs since a quite wide absorption band region appeared between 3000 cm −1 and 3700 cm −1 belonging to stretching vibrations of OH groups [52] , as result of the hydration processes that took place during alkali activation.
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Sustainability 2019, 11, x FOR PEER REVIEW 9 of 16 472 cm −1 in Figure 7 (a, b) (raw PS and IP produced using 8M NaOH) is ascribed to the overlapping Si-O-Si and O-Mg-O bending vibrations [55, 56] . It is seen that this rocking band disappears after firing at 400 °C (Fig.7d) , thus indicating that phase transformations took place and may have resulted in the increase of the compressive strength. The strong single peak at 1016 cm -1 shown in Figure 7b (IP produced using 8M NaOH) reveals the formation of reaction products in the IPs after exposure to highly alkaline solution [41, 57, 58] . The structural reorganization as result of the alkaline activation is more noticeable in the broader bands shown in the same region (800-1200 cm -1 ) for the IPs immersed in HCl solution or fired at 400 °C (Figure 7c and d, respectively) . The weaker band at 1634 cm -1 in the raw PS and the sharper peaks seen at 1650 cm −1 , 1636 cm -1 and 1644 cm -1 in IPs belong to the characteristic bending vibrations of H-O-H [59] [60] [61] . The intense absorption bands at ~1410 cm -1 and ~1490 cm -1 shown only in the IPs are attributed to stretching vibrations of O-C-O bonds due to carbonation of the remaining Na-silicate [59, 62] . Moreover, the notable bands observed in the raw PS and IP produced using 8M NaOH at 3744 cm -1 and 3756 cm -1 , respectively (Figure 7a, b) are typical for the OH-stretching region. However, the presence of water is more evident in all IPs since a quite wide absorption band region appeared between 3000 cm −1 and 3700 cm −1 belonging to stretching vibrations of OH groups [52] , as result of the hydration processes that took place during alkali activation. The behavior of the raw slag and selected IPs, namely the one produced after alkaline activation using 8M NaOH, curing temperature of 80 °C and curing period of 24 h (control IP) as well as after firing at 400 °C was investigated through DTA/TG analysis (Figure 8a-c) . In general, TG-curves show that the initial mass of the samples decreases as a result of dehydration of free (below 200 °C) and chemically bound water up to 400 °C for raw PS (Figure 8a ) and 570 °C for IPs (Figure 8b,c) . More specifically, Figure 8a shows a clearly visible peak at 742 °C associated to significant mass gain (~2.3%) of the PS, which can be attributed to the oxidation of fayalite to hematite and silica [53] . This exo-effect is characterized by a continuous increase in mass for the raw PS and involves a four-stage mechanism, i.e., (i) oxidation of magnetite and formation of metastable spinel (γ-Fe2O3), (ii) transformation of γ-Fe2O3 into the stable α-Fe2O3; (iii) oxidation and decomposition of fayalite (2FeO·SiO2), (iv) decomposition of the residual fayalite and polymorphic transformations of the silicate and iron phases [63] . On the other hand, the endothermic peak shown at 468 °C in the raw PS is related to dehydroxylation/condensation processes [64] , which result in a slight mass loss (~0.4%) due to the release of residual moisture.
Figures 8b and 8c show that similar TG-curves were obtained for the two selected IPs as a result of alkali-activation. The control IP (Figure 8b) shows a weight loss ~7%, observed below 200 °C, which The behavior of the raw slag and selected IPs, namely the one produced after alkaline activation using 8M NaOH, curing temperature of 80 • C and curing period of 24 h (control IP) as well as after firing at 400 • C was investigated through DTA/TG analysis (Figure 8a-c) . In general, TG-curves show that the initial mass of the samples decreases as a result of dehydration of free (below 200 • C) and chemically bound water up to 400 • C for raw PS (Figure 8a ) and 570 • C for IPs (Figure 8b,c) .
More specifically, Figure 8a shows a clearly visible peak at 742 • C associated to significant mass gain (~2.3%) of the PS, which can be attributed to the oxidation of fayalite to hematite and silica [53] . This exo-effect is characterized by a continuous increase in mass for the raw PS and involves a four-stage mechanism, i.e., (i) oxidation of magnetite and formation of metastable spinel (γ-Fe 2 O 3 ), (ii) transformation of γ-Fe 2 O 3 into the stable α-Fe 2 O 3 ; (iii) oxidation and decomposition of fayalite (2FeO·SiO 2 ), (iv) decomposition of the residual fayalite and polymorphic transformations of the silicate and iron phases [63] . On the other hand, the endothermic peak shown at 468 • C in the raw PS is related to dehydroxylation/condensation processes [64] , which result in a slight mass loss (~0.4%) due to the release of residual moisture. (Figure 8b) shows a weight loss~7%, observed below 200 • C, which is mainly attributed to the dehydration of the calcium/magnesium-rich silicate gel. The remaining more strongly bound water evaporates after heating above 400 • C and results in an additional 3% weight loss. Heating in higher temperatures results in a minor weight increase (~0.7%), attributed to oxidation reactions that took place in the iron-rich phases i.e., fayalite and magnetite [52, 65] . Regarding the IP fired at 400 • C, a four-time lower overall decrease in mass is observed compared to control IP (3.3% vs. 12.1%), thus indicating that more pronounced alkali-activation processes dominated the formation of the geopolymeric gel. The latter also explains the structural stability of this IP, which is reflected by its noticeable increase in strength (115 MPa). is mainly attributed to the dehydration of the calcium/magnesium-rich silicate gel. The remaining more strongly bound water evaporates after heating above 400 °C and results in an additional 3% weight loss. Heating in higher temperatures results in a minor weight increase (~0.7%), attributed to oxidation reactions that took place in the iron-rich phases i.e., fayalite and magnetite [52, 65] . Regarding the IP fired at 400 °C, a four-time lower overall decrease in mass is observed compared to control IP (3.3% vs. 12.1%), thus indicating that more pronounced alkali-activation processes dominated the formation of the geopolymeric gel. The latter also explains the structural stability of this IP, which is reflected by its noticeable increase in strength (115 MPa).
(a) (b) (c) Figure 8 . DTA-TG analysis of (a) raw slag, (b) control IP produced using 8M NaOH and (c) IP fired at 400 °C.
As shown in XRD analysis, SEM examination of PS surface by SEM/EDS (Figure 9a ) revealed a glassy morphology with sharp edges that is heterogeneous in size and dominated by large quartz, diopside and weathered fayalite crystals (>50 μm long) along with small spherical grains (<15 μm) of magnetite. According to EDS point analyses, other (inter)metallic phases such as chromite (FeCr2O4) and awaruite (Ni3Fe) were also detected in minor quantities as small single intergrown drops and inclusions, respectively [36] . Furthermore, several parallel laths/seams of Cr-spinel (~2 μm thick) embedded in clinopyroxene (diopside) matrix were identified containing up to 5.2% Cr. As shown in XRD analysis, SEM examination of PS surface by SEM/EDS (Figure 9a ) revealed a glassy morphology with sharp edges that is heterogeneous in size and dominated by large quartz, diopside and weathered fayalite crystals (>50 µm long) along with small spherical grains (<15 µm) of magnetite. According to EDS point analyses, other (inter)metallic phases such as chromite (FeCr 2 O 4 ) and awaruite (Ni 3 Fe) were also detected in minor quantities as small single intergrown drops and inclusions, respectively [36] . Furthermore, several parallel laths/seams of Cr-spinel (~2 µm thick) embedded in clinopyroxene (diopside) matrix were identified containing up to 5.2% Cr. After alkali activation of PS with 8M NaOH at 80 °C (Figure 9b ) or firing at 400 °C (Figure 9c,d) , a moderate to highly homogenous and dense glassy matrix (dark color) is formed between PS grains (bright color) and observed in the geopolymeric gel for both IPs produced. The geopolymeric gel in the IP produced using 8M NaOH at 80 °C displayed a quite smooth surface mostly comprised of unreacted/unaffected quartz particles and an inorganic matrix (P1) containing Ca, Al, Si, Fe, Mg and Na, provided from the alkaline activator or solubilised from PS. As a result of the NaOH solution attack in the slag, deterioration of reacted diaspore, fayalite and chromite particles is clearly observed. In addition, based on elemental analysis, several Ni-Fe sulfides grains scattered/dispersed and aggregated in the geopolymeric matrix were found containing up to 60% Ni. A higher magnification image of a Ni-Fe sulfide grain shown in Figure 9b , indicates that awaruite (Ni3Fe) occurs as inclusion along with Ni3S2 within the mixed Ni-Fe sulfide matrix.
Regarding the IP produced after firing at 400 °C, SEM analysis indicated a more homogenous structure filled with aggregated slag particles smaller in size (~10 μm) compared to the IP obtained after alkali activation with 8M NaOH at 80 °C. This evidence is the synergistic result of alkaline solution attack along with the oxidation of PS after firing at 400 °C. As seen from Figure 9c and in agreement with DTA/TG analysis, fayalite particles have undergone excessive oxidation and decomposition; this resulted in a compact structure filled with inclusions of inter(metallic) phases such as chromite and Ni3F. In this context, oxidation of magnetite (Fe3O4) present in the PS and transformation into the stable hematite (Fe2O3) is clearly visible in the IP after firing at 400 °C. Figure  9d (zoom of rectangular area of Figure 9c) shows in detail the oxidation of magnetite particles and the subsequent dentritic growth of hematite. Table 4 presents the toxicity of the raw PS as well as of the IPs produced after alkali activation of slag under the conditions of NaOH molarity 8M, curing temperature 80 °C, curing period 24 h, ageing period 7 days, fired at 400 °C. After alkali activation of PS with 8M NaOH at 80 • C (Figure 9b ) or firing at 400 • C (Figure 9c,d) , a moderate to highly homogenous and dense glassy matrix (dark color) is formed between PS grains (bright color) and observed in the geopolymeric gel for both IPs produced. The geopolymeric gel in the IP produced using 8M NaOH at 80 • C displayed a quite smooth surface mostly comprised of unreacted/unaffected quartz particles and an inorganic matrix (P1) containing Ca, Al, Si, Fe, Mg and Na, provided from the alkaline activator or solubilised from PS. As a result of the NaOH solution attack in the slag, deterioration of reacted diaspore, fayalite and chromite particles is clearly observed. In addition, based on elemental analysis, several Ni-Fe sulfides grains scattered/dispersed and aggregated in the geopolymeric matrix were found containing up to 60% Ni. A higher magnification image of a Ni-Fe sulfide grain shown in Figure 9b , indicates that awaruite (Ni 3 Fe) occurs as inclusion along with Ni 3 S 2 within the mixed Ni-Fe sulfide matrix.
IP Toxicity
Regarding the IP produced after firing at 400 • C, SEM analysis indicated a more homogenous structure filled with aggregated slag particles smaller in size (~10 µm) compared to the IP obtained after alkali activation with 8M NaOH at 80 • C. This evidence is the synergistic result of alkaline solution attack along with the oxidation of PS after firing at 400 • C. As seen from Figure 9c and in agreement with DTA/TG analysis, fayalite particles have undergone excessive oxidation and decomposition; this resulted in a compact structure filled with inclusions of inter(metallic) phases such as chromite and Ni 3 F. In this context, oxidation of magnetite (Fe 3 O 4 ) present in the PS and transformation into the stable hematite (Fe 2 O 3 ) is clearly visible in the IP after firing at 400 • C. Figure 9d (zoom of rectangular area of Figure 9c) shows in detail the oxidation of magnetite particles and the subsequent dentritic growth of hematite. Table 4 presents the toxicity of the raw PS as well as of the IPs produced after alkali activation of slag under the conditions of NaOH molarity 8M, curing temperature 80 • C, curing period 24 h, ageing period 7 days, fired at 400 • C. It is seen from this data that regarding raw PS, the toxicity limits are exceeded by far only for Ni and slightly for total Cr. The solubilization of these two elements is anticipated by considering the chemical and mineralogical analyses of the PS, as given by Kierczak et al. [36] . After alkali activation, the control IP produced exhibits no toxicity at all, even when the lower limits, which are specified by the EN 12457-3 test for wastes accepted at landfills for inert wastes, are taken into account. After firing the control IP at 400 • C, the solubilisation rates of Ni, As, total Cr and As increase and exceed the lower limit values indicated by this test; it is mentioned though that the indicated limit value is only marginally exceeded for As. Finally, it is mentioned that the solubilisation rates of Fe and Al increase noticeably for the IPs produced both at 80 • C and fired at 400 • C, but no limits values are specified for these two elements by the EN 12457-3 test. These results indicate the potential of alkali activation not only to contribute to the production of IPs with high compressive strength, but also to bind or trap potentially hazardous elements in a stable matrix and thus reduce their solubilization rate and overall toxicity [66] .
Conclusions
The present experimental study investigated the alkali activation potential of an old Polish ferronickel slag for the production of IPs. Under the optimum synthesis conditions, namely, NaOH molarity 8M, curing temperature 80 • C, pre-curing and curing time 24 h and ageing period seven days, the produced IPs exhibited compressive strength that exceeds 65 MPa. In this case, the molar ratio SiO 2 /Na 2 O of the silicate solution was equal to 0.26, while the molar ratios (SiO 2 + Al 2 O 3 )/Na 2 O and H 2 O/Na 2 O in the reactive paste were 8.6 and 12.9, respectively. An interesting aspect of the present study is that in the reactive paste, the wt% addition of Na 2 SiO 3 and the overall L/S ratio were very low, 3% and~20% respectively. This means that the IPs are produced using a cost-effective process, involving a mixture containing a high percentage of solids and limited addition of chemicals.
The main novelty of the study is the increase of the compressive strength of the IPs produced under the optimum conditions, after firing them at 400 • C mainly as result of phase transformations and the development of a dense and compact structure filled with inclusions of inter(metallic) phases. After firing at 400 • C, the IPs exhibited volumetric shrinkage of 4.8% and increased density of 2.7 g cm −3 . This indicates that the produced IPs have beneficial properties and may find several applications in the construction sector, including their use as fire-resistant materials. The produced IPs also show very good structural integrity when immersed in water or acidic solutions for a period of 30 days. Finally, it is underlined that alkali activation results in immobilization of hazardous elements present in the raw slag and the production of IPs with very low toxicity, thus no adverse effects are anticipated from their use. The findings of this study prove that alkali activation can be used for the valorization of potentially hazardous wastes, such as metallurgical slags, and the production of high added value materials, thus improving the sustainability and minimizing the environmental impacts of the metallurgical sector.
